Helicobacter pylori colonises the gastric mucosa of humans and causes both antral gastritis and duodenal ulcer disease.
Introduction
Helicobacter pylori is a gastroduodenal pathogen that causes gastritis and peptic ulceration. Exactly how H. pylori causes disease has not yet been elucidated, but adherence to the gastric mucosa is an important part of the virulence mechanism of the organism. Bacterial adhesion to the intestinal epithelium is a critical initial step in the pathogenesis of many enteric disease:s. Binding of enteropathogens allows colonisation of gut mucosal surfaces and pro-motes both delivery of bacterial enterotoxins and tissue invasion. Enterohaemorrhagic
Escherichia coli
(EHEC) adhere to colonic epithelium but do not invade the epithelial cells. They produce large amounts of a toxin referred to as either Shiga-like toxin (SLT) or Vero toxin and are associated with watery diarrhoea, haemorrhagic colitis and haemolytic uraemic syndrome in man. Enteropathogenic E. coli (EPEC) attach to intestinal epithelial cells and cause destruction of the microvillus surface of the cells. Other organisms such as
It is important to understand the molecular and cellular mechanisms that lead either to surface colonisation or to invasion of the epithelium. Apart from the ability of adhesins to attach bacteria to specific receptors on the host cell surface adherence of an organism to a cell can trigger many biological events. In this review we want to outline what is known about the adherence of H. pylori to the gastric mucosa. Electronmicroscopical studies suggest that the adherence of H. pylori to the gastric mucosa is similar to the adherence of EPEC to intestinal cells. It is therefore useful to consider what is known about E. coli adherence since this will help to identify features that may be common to H. pylori.

Enteropathogenic E. coli (EPEC)
EPEC are a cause of infantile diarrhoea but they do not produce heat-labile or heat-stable enterotoxins. Adherence of EPEC to the intestinal epithelium is the single virulence factor so far identified for these organisms [ 11.
Electron microscopical examination of infected mucosa revealed that EPEC intimately adhered to and was partially surrounded by cup-like projections (pedestals) of the enterocyte surface with only lo-12 nm separating bacterial and host membranes. In regions of attachment, brush border microvilli were lost and their associated cytoskeletal elements were destroyed or disrupted. This effect has been termed 'attaching and effacing' and is characteristic of EPEC
Dl.
A chromosomal gene termed eaeA (for E. coli attaching and effacing) plays a role in promoting adherence of EPEC to enterocytes [3] . The product of the eaeA gene is a 94 kDa outer membrane protein called intimin [4] . Enterohaemorrhagic E. coli, and RDEC 1 (a rabbit specific EPEC) and other pathogens known to cause attaching and effacing lesions similar to those caused by EPEC all possess a 35 kb chromosomal fragment known as the LEE element [51. This chromosomal fragment contains all of the genes so far identified that play a role in eliciting A/E lesions.
A highly specific method of identifying E. coli organisms which demonstrates attaching and effacing activity has been developed. The fluorescent actin staining (FAS) test uses fluorescein isothiocyanate (FITC) conjugated phalloidin which specifically binds to filamentous actin to identify the high concentrations of actin in epithelial cells directly beneath areas of bacterial attachment [6] . In addition to actin myosin, cY-actinin, talin and ezrin have been identified beneath attaching and effacing EPEC [7] .
EPEC infection elevates both inositol triphosphate and intracellular calcium levels in cultured epithelial cells [8] . If intracellular calcium is chelated there is a marked reduction in actin aggregation [9] . Elevated Ca* + concentrations cause microvilli to vesiculate and actin is cleaved within the microvillous core. A variety of eukaryotic proteins become phosphorylated during EPEC infection of cell cultures. These include a 20-21 kDa protein identified as a myosin light chain [lo], vinculin and a-actinin and an unidentified 90 kDa HeLa cell protein that becomes phosphorylated at tyrosine residues [ 111.
A three stage model of EPEC adherence has been proposed [ 121. The initial stage of infection occurs by adherence of the organisms to microvilli. Following adhesion a number of chromosomally encoded factors appear to interact with microvilli triggering signal transduction pathways possibly through increases in tyrosine kinase activity. These bring about increases in intracellular calcium levels activating actin severing enzymes and protein kinases which leads to vesiculation and disruption of microvilli. The bacteria attach to the epithelium in a more intimate fashion possibly mediated by the outer membrane protein intimin. Intimate adherence allows maximal activation of protein kinases and results in major changes to the cytoskeleton and alterations in the ion permeability of the membrane. These changes lead to the characteristic A/E lesion in which EPEC are surrounded by phosphorylated cytoskeletal proteins. The A/E activity of EPEC is tightly regulated by environmental and host factors and is dependent on the growth phase of the bacteria and temperature [131.
Enterohaemorrhagic E. coli (EHEC)
Infection with EHEC is associated with outbreaks of haemorrhagic colitis and subsequent development of serious complicati.ons including the haemolytic uraemic syndrome.
1". found that a plasmid-cured EHEC strain attached to and effaced rabbit ileal epithelial cells in vivo to the same extent as the parent-wild-type strain. However, the rabbits were also colonised in the intestine following oral challenge with E. coli HBlOl (a nonpathogenic E. coli strain) which contained ~0157
and bacterial adhesion and areas of apparent microvillus damage were observed. It is possible therefore that ~0157 encodes for a factor that participates in a non-intimate form of VTEC adhesion to epithelial cells. Dytoc et al. [25] studied the adhesion of a group of eaeA negative EHEC serotype 0113:H21 strains to cultured epithelial cells and rabbit intestine by transmission electron microscopy. Areas of microvillous effacement were observed in regions directly beneath the organism. However, F actin adhesion pedestals on the host plasma membrane were absent.
Infected cells also failed to demonstrate the recruitment of a-actinin below the foci of attachment. These findings suggest that bacterial factors distinct from those of eaeA are necessary for the adhesion phenotype of VTEC 0113:H21 and that eaeA is not the sole virulence factor involved in the pathogenesis of VTEC induced diarrhoea.
3. Helicobacter pylon'
I. Disease associations
Helicobacter pylori is a Gram-negative, microaerophilic organism which colonises the gastric mucosa of humans [26] . H. pylori was cultured for the first time just over a decade ago. However long before the organism was cultured histologists had noted the presence of spiral-shaped bacteria in gastric biopsy specimens [27] . Numerous attempts to culture the organism had failed and this was because the organism is extremely fastidious in its growth requirements. It requires blood or serum for growth. It is microaerophilic and can only tolerate about 5% 0,. In addition the organism is slow-growing and it can take between 5-7 days to grow H. pylori from a gastric biopsy specimen [28] . Infection with H. pyZori is always associated with inflammation of the gastric mucosa [26, 29, 30] Studies in children have demonstrated that the organism is associated specifically with primary or unexplained gastritis [31, 32] . Duodenal ulcer disease is associated with chronic gastritis and H. pylori is present on the gastric mucosa of almost all individuals with a duodenal ulcer. Eradication of the organism from the gastric mucosa cures the duodenal ulcer and relapse of ulcer disease is associated with a recurrence of the infection [33] . Infection with H. pylori has been linked with chronic atrophic gastritis [34] , an inflammatory precursor of gastric adenocarcinoma [35] . Studies have shown that infection with H. pylori, and in particular childhood acquisition of the organism, is associated with an increased risk of gastric carcinoma [36-391. In the stomach lymphoid tissue is acquired as a result of colonisation of the gastric mucosa by H. pylori [40] . Wotherspoon et al. showed that H. pylori is present in over 90% of cases of gastric mucosal associated lymphoid tissue (MALT) lymphomas [41] and that eradication of H. pylori causes regression of gastric MALT lymphomas [42] . In a separate investigation B cells from MALT tumours proliferated in response to H. pylori antigens when incubated in the presence of H. pylon' specific T cells [43] . Parsonnet et al. [44] demonstrated an association between previous H. pylori infection and high grade gastric lymphoma. However most persons infected with H. pylori will never have gastric cancer. Therefore, other factors that increase the risk of gastric carcinoma among persons infected with H. pylori need to be identified.
Other Helicobacter species
Following the initial culture of H. pylori there was a renewed interest in the microbiology of the stomach and since then numerous other Helicobacter spp. have been isolated from the stomachs of various animals ranging from ferrets to cheetahs. It is important to study these Helicobacter spp. since they may serve as useful models to study the pathogenic mechanism of H. pylori in humans. H. mustelae colonises the gastric mucosa of ferrets and is associated with gastritis and peptic ulcer disease [45, 46] . Lee et al. [47] isolated H. felis from the gastric tissue of cats. H. acinonyx was isolated from cheetahs with gastritis [48] . H. heilmannii formerly called Gastrospirillum hominis colonises the gastric mucosa of pet animals and in particular cats and dogs, but can also colonise humans and cause gastritis [49, 50] . Other Helicobacter spp. colonise the lower bowel of their host rather than the gastric mucosa. H. muridarum was isolated from the intestinal mucosa of rats and mice [51] . H. cinaedi has been isolated from the faeces and intestines of healthy hamsters and is considered to be a normal intestinal inhabitant of these animals [52, 53] . H. canis was isolated from the faeces of dogs [54] . Six Helicobacter isolates were obtained from faeces of wild birds and belong to the species H. pametentis [55] . Many of the Helicobacters isolated from the lower bowel lack urease activity. H. hepaticus colonises the gastrointestinal tracts of mice and has the potential to elicit a persistent hepatitis [56] . H. bilus colonises the bile, liver and intestine of mice and is associated with multifocal chronic hepatitis [57] . H. pullorum organisms were isolated from the liver, duodenum and caecum of chickens and from humans with gastroenteritis [58] .
SurvivaI of H. pylori in the acidic environment of the stomach
Initially, it was surprising to find H. pylori growing in the acidic environment of the stomach but results of a recent study suggest that an acidic environment may be optimal for the survival of the organism in the presence of urea [59] . H. pylori possesses a very potent urease enzyme. With a Km for urea of 0.8 mM the urease of H. pylori binds substrate with a much higher affinity than the ureases of other bacterial species [60] and is able to hydrolyse the limited amounts of urea that are present in the stomach. Isogenic urease-negative mutants of H. pylori have been constructed [61] . In order to study the significance of the urease enzyme in promoting H. pylori survival in various environments a urease-positive isolate strain N6 and an isogenic, urease-negative strain, strain N6:( ureB::TnKm), were incubated in phosphate buffered saline at a pH ranging from 2.2 to 7.2 for 60 min at 37°C both in the presence and in the absence of 10 mM urea [59] . H. pylori N6 survived well in solutions with pH values ranging from 4.5 to 7.0 in the absence of urea but survived in solutions only with a pH less than 3.5 in the presence of urea. The urease-negative mutant survived in solutions with pH values ranging from 4.5 to 7.2 irrespective of the presence of urea. Neither strain grew after incubation in an alkaline environment. The pH of the solutions containing the urease-positive strain N6 and urea rose rapidly during the incubation period (Table 1) . These results suggest that the acid environment of the stomach may be crucial for H. pylori survival in the presence of urea. H. pylori did not survive in neutral pH solutions in the presence of urea because of the generation of alkaline conditions. This finding may explain why H. pylori is rarely if ever isolated from other sites in the body. It may also help to explain the decrease in prevalence of H. pylori infection in duodenal ulcer patients following surgery to reduce acid secretion [62-641 and in patients with pernicious anaemia [65] as well as the failure to create simple animal models of H. pylori infection using acid suppressing agents and the effi- 
Virulence determinants of H. pylori
Exactly how H. pylori causes disease is not known. However, several pathogenic determinants have been proposed for the organism. These include adhesins as well as the production of cytotoxins and a range of different enzymes including urease, catalase, superoxide dismutase, lipase and protease. Adherence of H. pylori 1.0 the gastric mucosa is thought to be an important first step in the colonisation process and will be discussed in more detail below. Urease is essential for survival of H. pyEori in the acidic environment of the stomach [59, 68] and with both chemical and isogenic mutants it is essential for the colonisation of experimental animals [69-711. Urease-negative isogenic mutants of H. mustelae are unable to colonise ferrets [72] . H. pylori possesses superoxide dismutase (SOD) activity [73] . SOD enzymes are believed to be virulence factors in a number of pathogenic bacteria which mediate resistance to bactericidal attacks by oxygen-dependent mechanisms of phagocytes. H. pylori also possesses catalase activity whiclh may protect the bacteria from attack by neutrophils [74] . H. pylori produces proteases which may play a role in degrading gastric mucus [75-771. All tl. pylori strains possess flagella which confer on the organism a high degree of motility which is es:sential for the colonisation of experimental animals [78] . The biological activity of Lipid A from H. pylori LPS is low compared to Lipid A from other enteric bacteria [79] . A subset of H. pylori strains possess an immunodominant antigen called CagA which has a molecular weight of 128-140 kDa and is encoded for by the cagA gene [80] . These strains also express a cytotoxin VacA which has a molecular weight of 87 kDa and is encoded for by vacA [8l'l. VacA induces cellular vacuolisation in a number of different epithelial cell lines, however, not all strains that are cytotoxic possess CagA [82] . Thus while the cagA genotype is associated with expression of cytotoxin it is not essential for cytotoxin production. Antibodies to CagA are more prevalent among patients with peptic ulcer disease than among those with gastritis alone [83] . cagA+ strains induce enhanced IL-8 production by gastric epithelial cells in vitro relative to cagAstrains [84, 85] . However, isogenic cagA -mutants induce cytokine levels similar to those of wild-type strains [85, 86] indicating that whereas the cagA product is a marker for increased inflammation its presence is not necessary. A gene upstream of cagA which is required for induction of IL-8 in gastric epithelial cells has recently been identified [87] .
Large variations in the severity of disease were observed after infection of different inbred strains and major histocompatibility complex congenic mice with a single isolate of H. feEis [88] which demonstrated the importance of the host response in disease outcome following gastric Helicobacter infection.
Adherence of H. pylori to the gastric mucosa
One of the most striking characteristics of H. pylori is that it is only found in vivo in association with gastric mucus-secreting cells. The organism is found within and beneath the gastric mucous layer as well as attached to the surface of gastric epithelial cells [89] . The organism is only found in the duodenum and oesophagus at sites of gastric metaplasia [90] which suggests a particular tropism of the organism for gastric mucosal surfaces in humans. Few organisms exhibit such a strict tissue tropism. So this makes the adherence properties of H. pylori particularly interesting to study.
Ultrastructural analysis of gastric mucosa infected with H. pylori shows that this bacterium causes effacement of normal gastric epithelial microvilli and closely adheres to the apical cell membrane [29] . The organism adheres to gastric epithelial cells on small cellular projections referred to as adherence pedestals. Dytoc et al. [92] found that H. pylori strain LCl 1 was unable to induce formation of F-actin adhesion pedestals on a range of eukaryotic cells. In the same study there were no F actin adhesion pedestals found when a gastric biopsy specimen of an individual infected with H. pylori was examined. In addition, strain LCl 1 stained negative by colony blot hybridisation with an E. coli eae gene probe [92] . These findings suggest that mechanisms distinct from EPEC mediate the adhesion of H. pylori to mucosal surfaces. Adherence of H. pylori to the gastric mucosa is however comparable to adherence of eaeA negative VTEC of serotype 0113:H21 [25] .
Adherence of EPEC to cultured epithelial cells elevates both inositol triphosphate and intracellular calcium levels [8] . Elevations in inositol triphosphates also followed infection of Hep-2 cells with H. pylori [92] . Bacterial culture supemates induce a similar response in HeLa cells which indicates that inositol phosphate release in H. pylori infected cells is not dependent on bacterial adherence [93] . In addition, the increase in inositol phosphates was not related to redistribution of cytoskeletal proteins such as actin or a-actinin or tyrosine phosphorylation of host cell proteins [93] .
H. pylori is generally thought to be non-invasive or to penetrate epithelial cells only rarely [29, 94] . In vitro intracellular uptake of H. pylori occurs by receptor mediated endocytosis [95] . The observations of intimate contact between H. pylori and gastric epithelial cells including intemalisation suggest that these may be important features of the colonisation process and of the pathogenic action of this organism. Understanding the mechanism of adherence may be essential in determining how this organism causes disease.
Animal models of H. pylori infection
Of key importance in the study of any infectious disease is the development of a good animal model in order to understand the pathogenesis of infection and to help in the development of a vaccine. For a long time the best animal model of H. pylori infection was the gnotobiotic piglet. 31 . In view of the strict tropism that the organism exhibits for gastric cells in vivo the results of this study indicated that primary cells are ideal for assessing the factors that might play a role in the pathogenesis o-f disease caused by H. pylori.
Potential adhesins of H. pylori
The identification of specific adhesins and clarification of the mechanism of adherence of this organism to the gastric mucosa could lead to the development of adhesin analogues for use in the inhibition of colonisation and improved therapy for ulcer disease.
Haemagglutinlns
In vitro haemagglutinating activity of H. pylori has been demonstrated with a variety of erythrocyte species [ 1 10,114-11'71. Different haemagglutination phenotypes and patterns have been suggested [114, 115, 117, 118] .
R pyZori possesses at least two haemagglutinins, of which one with a molecular weight of 25 kDa recognises an N-acetylneuraminic acid moiety of receptors. The second haemagglutinin has a molecular weight of 59 kDa but the receptor specificity of this molecule is not known [119] . A haemagglutinin of H. pylori with fibrillar morphology which recognises specific receptors consisting of N-acetylneuraminyllactose residues in erythrocytes has been proposed as a putative colonisation factor antigen for H. pylori [llO] . However, we found no correlation between expression of haemagglutinins by H. pylori and the ability of the organism to bind to either Kato III cells (cells from a gastric adenocarcinoma cell line) or to primary cells isolated from gastric biopsy specimens in vitro [ 1131. H. pylori was cultured on agar and in liquid broth. The method of culturing the bacteria did not affect its ability to adhere to the cells despite the fact that haemagglutinins were not expressed in liquid culture. In addition, heating the organism to 56°C prior to incubation with the cells did not affect adherence but destroyed most of the haemagglutinating activity. In the light of this finding it is unlikely that the haemaglutinins of H. pylori play a major role in adherence of this organism to the gastric mucosa. The significance of in vitro haemagglutinating activity of H. pylori to in vivo colonisation has yet to be determined.
Lipopolysaccharide
Lipopolysaccharide (LPS) is a cell-wall constituent of Gram-negative bacteria which is important in the structure and function of the outer membrane. Strains of H. pylori bind to laminin [120, 121] and to type IV collagen [ 1211 in a specific and saturable manner. The interaction of H. pylori with laminin was affected by salt indicating that a hydrophobic component on the surface of the bacteria is involved [121] . Purified LPS inhibits the binding of H. pylori to laminin indicating that this bacterial surface molecule is involved in the adhesion process [ 122-1241. The interaction of H. pylon' with laminin also involves a bacterial adhesin recognising certain sialylated oligosaccharides of the glycoprotein [ 1201. It was postulated that the initial recognition and binding of laminin by H. pylori may occur through LPS and that subsequently a more specific interaction with a lectin like adhesin on the bacterial surface occurs [124] .
Outer membrane proteins
Outer membrane proteins play a role in the adherence of E. coli to epithelial cells [21] . The protein content of the H. pylori outer membrane is similar structurally to those of other species of Helicobacter but markedly different from those of taxonomically related Campylobacter spp. and E. coli [ 1251. The outer membrane of H. pylori NCTC 11637 contains eight major polypeptide species at least three of which appear to be porins. Six of the outer membrane proteins have surface exposed domains. These surface exposed domains share few epitopes with related species of Helicobacter or Campylobacter consistent with the H. pylori cell surface being antigenically unique. In addition, the H. pylori LPS core displays strain to strain antigenic variability [126] . These antigenic properties of the H. pylori outer membrane surface may have implications for the ability of H, pylori to colonise, persist and cause disease. The ability of outer membrane proteins of H. pylon' to mediate adherence of the organism to the gastric mucosa has yet to be elucidated.
Urease
An unusual feature of the urease enzyme of H. pylori is that it has been located on the surface of the bacteria [127, 128] . Because of this it has been speculated that the urease enzyme of H. pylori may function as an adhesin. Fauchere and Blaser [106] reported that saline or water extractions of H. pylori inhibited the binding of the organism to HeLa cell membranes.
Gel exclusion chromatography of the extracts showed that the fractions which contained the highest urease activity bound best to HeLa cell membranes. These fractions contained urease subunit antigens. They speculated that the adhering ligand may be urease. Gold et al.
[ 1291 found that a ureasedeficient strain of H. mustelae showed a selective reduction in binding to the glycosphingolipid, Gg4. When urease activity in this mutant strain spontaneously reverted during culture, wild-type binding was again demonstrated.
However, several studies suggest that the urease enzyme of H. pylori is unlikely to act as an adhesin. We have found that a urease-negative mutant of H. pylori, strain N6( ureB::TnKm), which is specifically modified in the gene which encodes for the large urease subunit, UreB and does not produce this subunit [61] , adheres to both Kato III cells and to primary epithelial cells isolated from gastric biopsy specimens as well as the parent strain N6 11301. Eaton and Krakowka [ 1311 compared the ability of two isogenic mutants of H. pylori strain N6( ureB::TnKm) and strain N6( ureG::TnKm), which contains an insertion in the ureG gene, one of several accessory genes necessary for expression of active urease to colonise gastric mucosal explants derived from neonatal germ free piglets. Both strains were able to colonise as well as the parent strain. Phadnis et al. [132] in contrast to previous studies showed that urease is a cytoplasmic protein and that there is no evidence to support secretion of urease by known bacterial secretory pathways. The urease of H. pylori may therefore adsorb to and potentially mask the outer membrane of viable H. pylori after release by autolysis of a fraction of the bacteria.
Flagella
Motility may be an important factor for H. pylori colonisation [78] . A high degree of motility is conferred to H. pylori by a bundle of three to six polar flagella. The flagella consist of a basal part that contains the flagellar motor and the hook structure, the central filament and a membranous sheath that envelops each filament [133, 134] . The flagellar sheath is thought to act as a protective agent against gastric acidity for the acid-labile flagellar filament [135] . The major component of the H. pylori flagellar filament is FlaA flagellin [133] and the filament also contains a second flagellin subunit, FlaB, that seems to be located mainly at the proximal part of the filament [136] . A 29 kDa flagellar sheath protein in H. pylori has been identified with a murine monoclonal antibody [137] . This protein was not present in the outer membrane of H. pylori suggesting that the flagella sheath of H. pylori is a unique structure and not just an extension of the outer membrane. Whether flagella, per se are involved in attachment or solely in motility is an important question. The construction of H. pylori [ 1381 and H. mustelae [139] jlaA and jlaB negative mutants and &A/JEaB negative mutants [139] will allow for investigation, both in vivo and in vitro of the role that flagella play in the colonisation process and in mediating direct attachment of H. pylori to gastric epithelium.
Receptors for H. pylori
Since H. pylori exhibits such a strict tissue tropism for gastric cells in vivo it is speculated that there may be specific receptors present on the surface of the cells which would explain why the organism only adheres to gastti.c cells in vivo. Various receptors for H. pylori which have been identified are described below. Boren et al. [ 1461 found that soluble glycoproteins representing the Lewisb (Leb) blood group antigen or antibodies to the Leb antigen inhibited bacterial binding to gastric tissue. It was speculated 11461 that this finding might explain an epidemiological study which showed that individuals with gastric ulcers demonstrate a 1.5 to 2 times higher prevalence of H. pylori infections in Leb+ individuals [147] . About 72% of Caucasians and 55% of Negroes have Lea-b+ erythrocytes. However, binding of H. pylori to the gastric epithelium is most likely not mediated solely through Leb as up to 100% of the population in some underdeveloped countries can be colonised.
Extracellular matrix components
In addition to laminin H. pylori binds to collagen type IV [121] , collagen type I [121, 123] , collagen type V [ 1231, plasminogen, vitronectin, fibrinogen, fibronectin [148] and to heparan sulphate [149] . 
